Abstract: This paper presents a semantic framework for supporting the cost-benefit analysis in urban transit rehabilitation decisions. The use of semantic representations of decision parameters allows for more effective knowledge management practice and easier accumulation and access of corporate knowledge regarding balancing traditional construction investments with the costs to the environment, local business, and impacts on traffic. A sample illustrative case was considered by this study. It includes a comparison of a hypothetical scenario of building a monorail to replace an existing streetcar in one of Toronto's most congested streets: King Street. A microscopic simulation model for the King Street route has been developed and used in comparing the status quo to the proposed scenario in terms of impacts on traffic performance. A cost-benefit analysis has been conducted to assess the feasibility of both options. The study investigated direct costs such as monorail construction cost, streetcar system removal cost, and operating and maintenance costs of both systems. The sustainability-related costs included user costs and accident costs.
Introduction
Advanced knowledge management techniques are poised to be a major tool in modern decision making. It is crucial to develop knowledge management tools to support the analysis of urban infrastructure systems. The assurance of sustainable means for transportation in congested cities is becoming equally important to the development of means to ease this congestion. Balancing these two objectives is becoming a daily challenge to the developers and operators of urban transportation networks. In this domain, cost-benefit analysis has flourished and is becoming a common tool in the process of decision making. The state-of-the-art practice in this regard, however, is mainly performed manually (even though several software systems are being used) or using a database.
A sustainable transportation system is one that (CST 2004) (i) allows the basic access needs of individuals and societies to be met safely and in a manner consistent with human and ecosystem health, and with equity within and between generations; (ii) is affordable, operates efficiently, offers choice of transport mode, and supports a vibrant economy; and (iii) limits emissions and waste within the planet's ability to absorb them, minimizes consumption of nonrenewable resources, limits consumption of renewable resources to the sustainable yield level, reuses and recycles its components, and minimizes the use of land and the production of noise.
The decision-making problem includes a multitude of elements with too many ways to assess each one of them. In addition, not every element can be considered in each situation (depending on the nature of the proposed system and local conditions). This calls for a dynamic and iterative decision-making environment that allows flexible selection of the decision elements and their evaluation. Orthogonal to the dynamic nature of these elements, the decision-making process is faced with the fact that most of these elements are subjective in nature (community impacts, for example) and include many disciplines and heterogeneous software systems. In many cases, these software systems cannot exchange data, which makes the process a lengthy one because the decision maker has to shuffle data from one system to the other. This calls for a semantic decision-making system.
Semantic representation of systems captures the meaning behind these systems in much the same way that humans do. Unlike current modeling techniques, semantic models capture the contents and meaning behind the concepts. This enables machines and search engines to search for meaning not words. The semantic web provides mechanisms to access data with associated metadata to describe its meaning. This of course requires building a semantic model (ontology) on which the computer will find relevant concepts. Ontologies are a shared representation for a common domain, including the specification of a concept taxonomy (providing explicit definitions and inheritance track), relationships, and axioms.
There is a need to develop a dynamic semantic environment to evaluate when, where, and under which conditions each of these strategies represents an optimal sustainable decision. This paper presents the first step in this regard: a framework for the semantic representation of cost-benefit analysis in urban transportation with illustration of how such advanced systems can be integrated with microsimulation techniques to facilitate accurate account for traffic flow needs in the process of selecting an urban transit system. This included building a taxonomy for defining main concepts in urban transit infrastructure cost-benefit analysis. This will support interoperability among relevant software systems and could also be the basis for effective knowledge management systems in municipalities, where the expertise of one project is documented and retrieved through concepts, not simple word searches.
Use of knowledge management in evaluating sustainable transportation
Comprehensive sustainable transport indicators take into account a wide range of impacts. This should include indicators that reflect the full range of sustainability goals and objectives, as indicated in Table 1 (Litman and Burwell 2003) . Sustainable transportation planning requires a fundamental change in the way people think about and solve problems and involves more comprehensive analysis of impacts, including consideration of indirect and cumulative impacts, consideration of a broader range of solutions than usually occurs, and more effective public involvement in transport planning (Louis Berger & Associates 1998) .
The task of augmenting all aspects of sustainability is not easy. "Surprisingly, both low and very high densities are sometimes said to be sustainable" (Gielge 2004) . In addition to these conflicting views, and in lieu of a transportation expanded role in our lives, many of the evaluation criteria are subjective in nature and, to an extent, are a matter of art not science. For example, Cook et al. (2004) reported the following public evaluation criteria for a new transit system: (i) modern technology; (ii) very quick, direct, no waiting; (iii) lack of queues; (iv) own space, can choose to travel alone; (v) no frustration, no road rage; (vi) good for the environment; (vii) you haven't got to argue with drivers; (viii) not worrying about who else is in the carriage; (ix) easy to switch on; (x) no driver; and (xi) more accessible than current public transport modes.
Traditional artificial intelligence tools are very helpful in assessing the quantitative aspects of the decision. Advanced knowledge management systems could provide significant support in assessing the increasingly important subjective aspects of the decision. In addition, knowledge management tools help support the establishment of a corporate memory (the reservation of best practice in knowledge bases).
Analysis framework
Semantic representation of sustainable transportation will assure two major advantages: (i) establishing interoperability among various software systems, which will assure easier transfer of data and allow decision makers to seamlessly assess the sustainability of different development schemes; and (ii) supporting the creation of a knowledge repository of lessons learned and best practice: semantic-based knowledge management systems are far more superior to other systems, especially in multiparty subjective situations.
Therefore, the objective of this research is not to develop new means for assessing the costs or benefits of different urban infrastructure systems, but rather to provide a framework that facilitates the use of advanced semantic knowledge management tools in representing, indexing, and retrieving corporate knowledge in this regard.
Normally, four software systems are necessary to analyze the costs and benefits of commissioning any transit infrastructure. The geographical information system (GIS) provides basic information about the street configuration, intersection data, location of facilities (businesses, stations, public areas), and reference to urban data including residential-business mixes and travel data. Such data are needed to establish the impacts of any transit system (during construction, operation, and maintenance-rehabilitation phases) on local business and traffic. The traffic portion is normally handled through traffic analysis software (such as Paramics or DynaSmart). This category of software provides important data to estimate user costs, traffic flow, and some elements of environmental impacts (such as estimates for CO 2 savings). Scheduling software is also needed to study the most efficient construction sequence and duration. Construction duration has a direct impact on user and business costs in addition to some environmental aspects. Lastly, cost-benefit or life cycle analysis software collects and up-dates information about costs and (or) benefits for each alternative.
Existing decision-making systems in most municipalities use a variety of these software systems at different levels of implementation sophistication. There is a need to integrate the flow of data among these software systems, which will allow for more effective analysis of various options.
The objective of this research is to establish a semantic environment for analyzing cost-benefit of urban transit infrastructure systems with an emphasis on representing sustainability-related costs and benefits. This includes the following:
(1) Developing a semantic model of the domain -This will support the creation of interoperable knowledge management tools. The research built a semantic representation of three major related domains: (i) transit technology and terms, that is, consistent presentation of basic concepts related to describing transit technologies and their related engineering and economical factors; (ii) influencing factors, which cover exogenous factors that have bearing on the value of costs and benefits and allow for conducing fuller analysis of cost and benefit sensitivity to boundary conditions; and (iii) cost and benefit elements, which cover costs and benefits related to urban infrastructure systems. (2) Proposing a distributed environment for integrating the process of cost-benefit analysis across project players -This includes protocols for the exchange of relevant information among four major software systems: GIS, traffic analysis, scheduling, and cost estimation.
A knowledge management environment for cost-benefit analysis
Building on the proposed semantic model and on the rich knowledge in the areas of value engineering and cost-benefit analysis, a framework is proposed to be used as a means for decision making in urban transit rehabilitation. The framework provides a means for the exchange of decision data through building a semantic grid of software systems that allows the user to send several commands to different software and then immediately see the results in life cycle cost (LCC) terms. The framework includes three major layers ( Fig. 1 (Litman and Burwell 2003) .
Knowledge management layer
This layer contains the semantic model (see the section titled Semantic model for decision elements in urban transit infrastructure) and an associated set of lessons learned to support decision makers in optimizing their decisions.
Decision-making layer
This is the main layer in the framework and involves the interaction of human decision makers to define the structure of the decision process. Based on best practice in the construction industry, the following phases are suggested in this layer:
(1) Innovation phase -This phase focusses on the development of alternative solution scenarios. Incremental plan development has been identified as one of the main problems with major construction decisions in urban areas (O'Connor and El-Diraby 2000) . It is essential that the development team investigates all applicable alternatives. Brainstorming sessions and hierarchy of objectives techniques (HOT) could be used to identify the study objectives and applicable alternatives. (2) Identify the analysis parameters -This phase identifies the elements and subelements of costs and benefits to be included in the analysis. (3) Identify major influencing factors -This phase identifies the factors that have bearing on the value of the analysis parameters. An influence diagram should be developed to define the major factors that have bearing on the decision parameters. (4) Develop a decision formula and study its sensitivity to the influencing factors -As in most municipalities, this study has used a life cycle cost -life cycle benefit analysis with emphasis on the rigorous inclusion of sustainability-related costs. The decision-making layer augments the all-analysis parameters and the factors influencing them. A decision maker can use this layer to estimate the costs or benefits of various alternatives. The decision maker can also study the sensitivity of the costs or the benefits to the variations in influencing factors values (El-Diraby 2002) .
A set of eight cost elements (CE) that should be considered for evaluating the LCC of transportation infrastructure were identified and validated through the two sets of interviews. Additional cost elements can be added, however, depending on the individual project conditions. The proposed cost elements will house values associated with each cost type. In the core model, these values are presented in a deterministic way (providing LCC as the summation of all values). Each cost element is further subdivided into cost subelements (SE). The value of each CE is the sum of the values of its subelements (SE), and the LCC is the sum of its CE values.
The research also identified a set of influencing factors (IF) that has bearing on the value of each SE. The analysis of these factors could be the basis for sensitivity and costbenefit analysis, where the decision maker will study the value of any changes to the system design and their impacts on the LCC. For example, the reliability of the system has a direct impact on the maintenance and downtime costs. A decision maker could decide to use a more reliable system (at a higher acquisition cost) to enhance the maintenance and downtime costs as long as the overall LCC is optimized.
Interoperability layer
The interoperability layer provides relevant analysis data through invocation of relevant software systems. For instance, data from traffic analysis could be used to estimate the required fleet size, which in turn could define the capital, maintenance, and operation costs. Some traffic analysis software could also estimate the expected emission levels, which could be used to estimate the environmental costs of each option. The same software could provide the average travel speeds for transit and traffic, which could be used to estimate user costs. Upon analysis of several alternatives, sched- uling software could provide the expected project duration, which could be used to estimate construction indirect costs, business costs, and construction-related environmental costs (through estimating construction-related emissions).
This layer marshals generated data to proper constructs in the life cycle cost -life cycle benefit analysis. In a collaborative work environment, decision makers could be at different locations and belong to different organizations (municipalities, contractors, manufacturers, consultants). Moreover, the software systems could be located at different servers. To bring this virtual team of people and software together, an effective communication layer is needed that can facilitate the exchange of decision data-information between software and (or) decision maker. This layer is built on the proposed semantic model for transit decision making. Several web services reside within this layer. One web service could marshal input parameters to traffic analysis software (for example, the number of stops, traffic priority rules, passengers per car, traffic volumes and distributions). A second web service could negotiate a suitable analysis period between different decision makers. A third web service could provide the construction duration of each alternative based on the output of construction scheduling software. Other web services could be designed to set the values of cost (or benefit) elements based on the combinations of different values of the influencing factors. For example, several values for capital cost of one alternative could be generated by just changing the fleet size, the analysis period, rate of return, etc. These web services will communicate using the universal description, discovery, and integration (UDDI) protocol for web service discovery.
Summary
The first layer (knowledge management layer) was fully developed by the research project. This includes the development of a semantic model for sustainability and life cycle costing in urban transit systems. This also included developing a web-based software system for documenting and retrieving lessons learned. The procedures for conducting the other two layers were developed. The automation of data flow from one layer to the other, however, requires extensive programming in proprietary software systems, which was beyond the scope of this research. Figure 2 shows the proposed semantic representation of major analysis domains in urban transit infrastructure. In addition to forming an interoperability layer between the four software systems, the value of this semantic framework is to help organizations build a knowledge management system to document, index, and retrieve best practice in the process of decision making in urban transit infrastructure. The model includes taxonomies depicting a semantic representation of three basic domains: (i) basic transit concepts, (ii) influencing factors, and (iii) analysis parameters (costs and benefits).
Semantic model for decision elements in urban transit infrastructure

Basic transit concepts
Basic transit concepts includes descriptions for (i) transit technology, such as streetcars, monorails, subways, buses, and private cars; (ii) transit modes, i.e., public, private, and special; (iii) street elements, e.g., lane, sidewalk, one-way street, main arterial, signal, and U-turn; (iv) traffic analysis parameters, i.e., average speed and headway; and (v) traffic controls, e.g., signals, signs, and message boards.
About 900 concepts related to this domain were adopted from e-COGNOS ontology, specifically from highway knowledge ontology (HiOnto) (Kashif 2003 ). An additional 1200 concepts were added to model the elements of sustainability and life cycle costing. Figure 3 shows snapshots of some elements that were modeled using the ontology editor OilEd, which uses the Defense Advanced Research Projects Agency (DARPA) agent markup language (DAML). 
Influencing factors
A main contribution of this research is in the semantic modeling of elements that could have bearing on the decision. The research covers economic, operational, and area factors like decision maker utility, effective interest rate, estimated user cost per driver-vehicle unit, and the analysis period. Table 2 shows a list of the higher level concepts in this taxonomy. Please note that the relationship between the factors and the cost elements is one-to-many, i.e., one factor could have bearing on several cost elements. Each concept has further subelements. For example, the analysis period could be defined as follows (Kirk and Dell'Isola 1995) : (i) component life -if the several alternatives being considered all have the same economic life, then that life (or a multiple of it) may be used as the analysis period; (ii) common multiple of component lives -if the design alternatives have different economic lives, it may be possible to choose a common multiple of these lives; (iii) facility lifein some situations, the analysis period may be based on the technological or useful life of the facility as a whole; (iv) investment or mission life -this is the expected number of years until the owner's investment objective is fulfilled, and it depends very much on the objective; (v) arbitrary lifethe analysis period might simply be established by organizational policy or as the limit of a planning horizon, a criterion that provides a commonality among projects and organizational units but does not take into account such important considerations as component life and facility life or mission.
Analysis parameters (costs and benefits)
Another contribution of this research is the development of a semantic abstract model for the cost and benefit elements and their relationships with the influencing factors. The model sorted the analysis parameters into costs and benefits in accordance with the prevailing use in the literature (Malarkey et al. 1996; Gruneberg 1997; Kratofil 2001; Litman 1999; Snell 1997) . The model provides a provision to considering all benefits as negative costs, however, which interchangeably transfers the whole decision criteria into a life cycle cost instead of a cost-benefit analysis. shows the elements covered in this semantic model, including (i) capital cost, (ii) operation and maintenance cost, (iii) environment cost, and (iv) community cost.
Capital cost
Capital includes construction, procurement, and installation of trains and systems, stations, beams columns and foundations, maintenance facility -control centre -administration, power supply, utility relocation during construction, dumping of hazardous material, and cost of design, fees, and administration.
Capital cost is influenced by real discount rate, construction duration, subsurface soil condition, infrastructure location, condition of existing facilities, and the monorail technology. The cost of cars and infrastructure is influenced by the transit technology chosen.
Operation and maintenance costs
Operation cost includes the operating cost of cars-systems and maintenance facilities including regular inspections, etc. Maintenance cost includes the cost of regular and nonscheduled maintenance.
Operation and maintenance costs are influenced by the economic life of the system, real discount rate, and operation and maintenance growth rate. The operation and maintenance cost is influenced by the quality of construction and the quality of the operation and management program.
Environmental cost
Environmental cost includes the cost to the environment due to resource consumption and pollution. Resource consumption refers to cost associated with the consumption of the natural resources for the production and operation of cars. This primarily refers to energy consumption but can include other natural resources, such as metals. In addition, there are costs associated with pollution. These include construction-related pollution and pollution during operation due to emissions. More efficient transit systems will help reduce the emissions of private cars, however. The reduction of these emissions is becoming increasingly important in lieu of public outcry and government commitment to the Kyoto Protocol.
An increasingly important type of pollution is noise pollution, as it has negative impacts on health and public comfort, which in turn results in negative impacts on the value of properties in residential areas and reduced business activities in commercial areas. Noise is generated due to frequent construction, heavy vehicle traffic, and tire-road noise. Noise pollution is a more localized phenomenon than air pollution, and the scale of impact depends on the density of the affected residential and commercial development and whether sound walls or other barriers help contain the noise.
Transit improvements can also provide significant environmental benefits, such as reduced air, water, and noise pollution when auto use decreases. In principle, environmental effects can be evaluated using the principles of willingness to pay. People are willing to pay for a better environment. Accounting for these effects, however, raises measurement issues (Small 1998) .
Environmental cost is influenced by economical life, real discount rate, construction duration, and the technology used. Emission and noise are influenced by the traffic conditions such as type, volume, and speed. The cost of the resource consumption is influenced by the type of energy used, and the environmental cost of construction is influenced by the construction duration and type of construction technology.
Community cost
Accidents vary substantially in terms of their consequences, from minor vehicle damage to multiple fatalities, and thus the cost of accidents varies. Research typically values the various components of accident costs: the value of human life, the cost of property damage, and miscellaneous costs. Insurance costs are sometimes also counted.
The largest perceived cost of using transit is user cost, which comprises time spent walking to transit, waiting, riding, and transferring between routes. Generally, time spent for walking to and waiting for transit is perceived to cost two to three times that of time spent traveling, which is generally valued as 50% of the gross hourly wage rate. Some of the factors affecting travel cost values are as follows: (1) Personal travel time -Personal travel time is estimated at one quarter to one half of prevailing wage rates. (2) Travel-time costs -Travel-time cost tends to be higher for driving under congested conditions and particularly high for unexpected delays (Small et al. 1999) . Some travel time has a low cost or positive value because people enjoy the mobility. Travel-time costs per minute tend to increase for longer commutes (more than about 20 min) (Welch and Williams 1997) . Travel-time costs tend to increase with an increase in income and tend to be lower for children and people who are retired or unemployed.
(3) Under pleasant conditions, walking and cycling can have positive value, but under unpleasant or unsafe conditions, time spent walking, cycling, and waiting for transit has costs two or three times higher than those for time spent traveling (Goodman 2001 ). (4) Auto ownership and operating cost savings -Transit riders who switch from cars will also save the costs of operating their vehicle. Some researchers place a higher cost on time spent driving and a lower cost on time spent as a transit passenger, while others have the opposite preferences (Novaco and Collier 1994) .
The other major components of transit user costs are fares and other monetary costs. The costs of delay during construction are real costs that should be considered in the analysis of any major transportation investment. During construction, because of closure of traffic, business will be affected and thus is a cost to the community. The following items were also included under the community cost category:
Travel-time savings for system users -One review concluded that the value of time for the journey to work averages about 50% of the before-tax wage rate (Small 1998) . According to Transport Canada (1994), the value of time for nonbusiness travel by adults is set at 50% of the national average wage, the approximate midpoint of research results. This value has been estimated at $7.45 per hour in 1990 dollars. A lower value of time savings for children, who account for approximately 25% of nonbusiness travel, is considered appropriate. Although children are not able to fully act on their preferences, their presence does affect the time sensitivity of accompanying adults. For children aged 17 and under, Transport Canada uses a value that is 50% of the adult value for nonbusiness travel. Where the numbers of adults and children affected are not separated, a weighted average value of traveltime savings for all nonbusiness travelers, including children, can be used ($6.50 per hour in 1990 dollars).
Accidental injuries and deaths -According to Small (1998) , safety ranks high in public perceptions of transportation problems. Small further suggests that, empirically, the most reliable method to value risk of death appears to be comparisons of wages for jobs that are similar in all respects except occupational risk. Reviews of the numerous studies of this type suggest that, on average, people in high-income nations in the early 1990s were willing to pay US$3-7 million for each reduction of one million in the risk of death (Viscusi 1993) . Transport Canada uses the figure Can$1.5 million (1991 dollars) as the value of a fatality avoided in all modes of transport.
Parking cost savings -People who would have driven cars and are induced to ride transit because of improved service will save the cost of parking. Improvement in transit system reliability and crisis management -Effective transit will not only shorten travel and waiting times, but also make those times more reliable. Effective transit would provide some additional capacity to move people in and out of a very congested area.
Construction-related employment -If outside money came into the region that would not otherwise have come in, then it could potentially create new employment.
Increased commercial activity -New businesses could be attracted to streets with efficient and appealing transit systems.
Illustrative system implementation: King Street transit system
In the case of Toronto, as in many other urban areas, improved public transit has been identified as a priority to enhance sustainable transportation. Currently, private automobile and transit streetcars fiercely compete for the limited road right-of-way in the downtown core. One reason for the sustained dependency on private car transport mode is that transit travel time is, in many cases, much longer relative to that of the private automobile. A significant percentage of transit delays occurs at intersections, which may be blocked by cross-street traffic and (or) automobile turning movements. Such delays lead to lower average speed of transit vehicles, and consequently to poorer service and higher cost.
In cases where transit systems are installed in business areas, a second layer of infrastructure seems a reasonable choice, as private automobile access to downtown businesses is essential for the economic activity in such areas.
One of the means for reducing automobile dependency is to enhance the competitiveness of public transit relative to the private automobile. Several policies can be effective in this regard: adding a new infrastructure layer (through building subways and monorails), limiting access of private cars to certain streets, priority lane assignment, and using technology to improve the efficiency and user-friendliness of public transit services. Technology can help in improving transit travel times through transit priority at junctions network-wide, improving schedule adherence and transfer coordination through real-time fleet monitoring and management, improving public transit information dissemination to the public, and simplifying transit usage through automated fare collection.
The research project implemented the proposed framework for the case of King Street in downtown Toronto to illustrate its usability. The street runs east-west in the heart of downtown Toronto and is a major arterial in a very congested business zone. The project included a detailed traffic analysis of five hypothetical alternatives: (1) no signal priority; (2) signal priority, representing the current situation on King Street; (3) no left turn, eliminating obstructions to streetcars; (4) no traffic, transforming King Street into an exclusive transit mall, but allowing for normal cross-street traffic; and (5) monorail, putting transit on elevated tracks. Figure 1 shows the main steps of implementing the proposed framework. First, a decision maker (may be based on public consultation) would select the decision parameters from the semantic model. This will grant access to the knowledge base, which contains best practice about evaluating each parameter. To evaluate these parameters, a proxy file with relevant data will be created to transfer the selected semantic parameters into a software native data structure. In this case, a selective set of data was chosen to illustrate the interchange between the semantic model and legacy systems like traffic management software. Data from traffic analysis were used in the estimation of some costs and benefits. Due to the limited scope and the lack of detailed design and construction details, these cost-benefit estimates are only approximate and are therefore meant to illustrate the applicability of the model. Furthermore, the study did not include business and environmental costs because of the lack of sufficient data and the mere fact that there is no comprehensive model to evaluate both cost items.
The output of software systems is then fed into the decision-making software (life cycle analysis software developed at the University of Toronto). Through iterative use of the same cycle, a sensitivity analysis was conducted.
Traffic analysis
This section presents a brief overview of the microsimulation approach used for the integrated modeling of transit and traffic operations in the 504 King Streetcar corridor in downtown Toronto. The simulation model for the scenario was calibrated such that it replicated existing field measurements of traffic counts and transit speeds to the best possible accuracy. The 504 Streetcar route is modeled using two separate transit routes: the eastbound route from the Dundas West subway station via Roncesvalle, King, and Broadview to Broadview station, and the westbound route from Broadview station to Dundas West station. The model is developed using Paramics (Quadstone Ltd. 2000), a suite of high-performance software tools for microscopic simulation of realistic traffic networks.
The integrated model enables (i) capturing the dynamics of supply, in terms of the detailed configuration of the transportation network and its performance in response to varying demands and control; (ii) capturing the dynamics of demand, in terms of dynamic user behavior in response to observed supply, either directly or via traveler information systems; and (iii) capturing the complex dynamic interaction between supply and demand.
In the model, individual vehicles are represented in fine detail for the duration of their entire trip, providing accurate traffic flow, transit time, and congestion information, as well as enabling the modeling of the interface between drivervehicle units and transit priority. Some of the key features of the modeling environment are (i) integrated simulation of intelligent transportation systems (ITS), including a variety of traffic management, transit management, information, and control strategies; (ii) incorporation of driver and vehicle performance parameters; and (iii) modeling of vehicle emissions, public transport, and car parking.
Transit measure of effectiveness (influencing factors)
To assess the relative impact of the five hypothetical alternatives given in the previous section, the following set of measures of effectiveness was used: (1) Cycle time, which is the time for a streetcar or monorail to complete a round trip, both in absolute minutes and as a percent change relative to the status quo. (2) Average transit speed in kilometres per hour. (3) Average headway, which is the time gap in seconds between successive streetcars or monorails, taken at all 106 stops along the route. Note that the release headway of streetcars or monorails from the terminal was fixed as 2 min for all scenarios. For each scenario, however, the actual headway along the line varies due to a combination of interrupting factors (i.e., if there was no interruption, the streetcar would arrive at each stop exactly every 2 min). Therefore, the average headway (measured for the 106 stops) captures the effective headway for the entire route under the considered scenario. (4) Headway standard deviation, including the variability around the mean headway. (5) Person throughput, which is the service frequency multiplied by an assumed average peak-period vehicle load of 75 passengers, where service frequency is the reciprocal of average headway, i.e., frequency = 1/headway. (6) Transit vehicle bunching, which is loosely interpreted as the percentage of transit vehicles following too close to each other (i.e., with very short headways). To quantify this subjective measure, we report once on the percentage of headway less than 60 s and another on the percentage of headway less than 30 s. Table 3 and explained as follows: (1) Transit cycle time -All transit cycle times reported herein include a 2 min layover time (i.e., terminal time).
In the case of a monorail, cycle time is reduced by 46%. It is even better than the hypothetical "no traffic" condition, which has a cycle time 30% less than that of the base case. (2) Transit speed -Transit speed in a hypothetical no traffic condition is 20.8 km/h, whereas a monorail has a transit speed of 24.6 km/h. (3) Average headway -The results show a systematic downward pattern in average headway due to the addition of transit priority, left turn banning, and exclusive dedication of King Street to transit and monorail. It is notable that the no traffic scenario results in an average headway of 122 s for a streetcar and 121 s for a monorail, which are very close to the scheduled headway of 120 s. (4) Headway standard deviation -It is important to realize that a reduction in headway variation is as important as a reduction in headway itself, if not more important.
From the perspective of a transit rider, the unpredictability of the streetcar arrival is most frustrating. The results show that transit priority alone is effective in this regard, with marginal improvement due to left turn and full traffic prohibitions, respectively. It should be noted that the standard deviations for the base case, no left turn, and no traffic scenarios are still significantly high compared with the corresponding average headways, indicating a fair spread in the distribution of headways. The monorail has the lowest standard deviation compared of all other scenarios. (5) Transit service frequency -It should be noted again that the frequencies reported here are the "effective" frequencies, given constant release headway (at the terminal) of one streetcar or monorail every 2 min (i.e., 30 streetcars or monorails per hour). It is implied here that the vehicle fleet size (i.e., number of required streetcars or monorails to serve the route) is not fixed but in fact is reduced for each scenario (assuming fixed release headway of 2 min), mainly due to the reduction in cycle time. (6) Person throughput -The pattern here is similar to that of service frequency. In fact, it is exactly the same, only converted to passengers per hour via multiplying by a constant of 75 passengers per vehicle during the peak period. Once traffic is fully prohibited on King Street, further improvements in speed take place, which might be counterintuitive. This seems to be more modeling artifact than real, however. Due to the absence of alternate routes in the model, banned traffic not only "disappears" from King Street but from the entire network, leaving faster streetcars only in the network. In reality, this traffic would actually divert to parallel routes causing travel-time increases on such routes and potentially appearing as cross traffic on King Street intersections, causing some delays to streetcars. The only way to capture the true effect on traffic, therefore, seems to be via network expansion to include several parallel routes north and south of King Street. In the case of a monorail, street traffic increases significantly as compared with all other scenarios.
Cost-benefit analysis
The estimations of business and environmental costs were beyond the scope of this research. Furthermore, the available details for the monorail option were very limited. Based on microsimulation results and the very limited feasibility analysis, monorail is a feasible alternative for congested downtown Toronto. Of course, proving the feasibility of the monorail was not the objective of this study. This is beyond the scope of this study and beyond the limited data available for this study. The objective has been set as illustrating the use of advanced semantic systems in the decision-making process along with microsimulation of traffic parameters. Further study including other elements (for example, environmental impact assessment and business costs) and detailed analysis of the construction and other costs is recommended before implementation. The most important items to consider in such detailed study include, but are not limited to, the following: (i) detailed designs of the monorail system, including cars, infrastructure, and the maintenance facility; (ii) detailed analysis of the life cycle cost of the current system; (iii) research into an approximate business cost; (iv) assessment of environmental impacts and possible savings due to any foreseeable federal incentives for reduced emissions as per the Kyoto Protocol; and (v) incorporating the perceived positive impacts that the monorail will have on traffic flow in other streets.
With a discount rate of 3%, the costs and benefits (see Tables 4-6) are as follows (in Can$): (i) life cycle cost for base case (streetcars) = 1 636 145 000, (ii) life cycle cost of monorail = 2 334 772 000, (iii) differential cost = 698 627 000, (iv) differential life cycle benefit = 3 119 728 000, and (v) benefit to cost ratio = 4.47. With a discount rate of 10%, the costs and benefits are as follows: (i) life cycle cost for base case (streetcars) = 917 555 000, (ii) life cycle cost of monorail = 1 382 834 000, (iii) differential cost = 772 599 000, (iv) differential life cycle benefit = 917 555 000, and (v) benefit to cost ratio = 1.19 Table 7 gives the results of the sensitivity analysis on key assumptions in the cost-benefit analysis. The analysis shows that the most important factors are benefit growth rate, value of time, and real discount rate. The value of time affects three benefit elements, namely travel time saved for system users, travel time saved for system road users, and reliability. All of the benefits occur in the future, which is why benefit growth rate and real discount rate are important.
Sensitivity analysis
The decision maker can then use this analysis to gauge when a go-ahead decision would be more (or less) beneficial. It is an important tool in evaluating and managing project risks. For example, if the real discount rate is increased, then the benefits of building the monorail become clearer. If estimates of capital costs increase, then the benefits of the project decrease.
Conclusions
This paper presents a framework to support a knowledgebased decision-making process in the evaluation of urban transit options. The framework integrates sustainability into the decision-making process through a taxonomy for sustainability that can be used to track and document lessons learned during the decision-making process.
The taxonomy also provides the foundation for full interoperability of the various software systems included in the decision-making process. a 1, no signal priority; 2, signal priority, representing the current situation on King Street; 3, no left turn, eliminating obstructions to streetcars; 4, no traffic, transforming King Street into an exclusive transit mall, but allowing for normal crossstreet traffic; 5, monorail, putting transit on elevated tracks. 14.21
Improvement in transit system reliability 6.46 Improved safety (reduction in accidents) (Can$ ×10 6 ) 0.257 Table 6 . List of benefit items and values.
To illustrate the validity of the proposed framework, the research team conducted a sample analysis for a decisionmaking process to evaluate the costs and benefits of building a monorail in a congested street in downtown Toronto. Based on the integrated microsimulation model, the following conclusions are drawn: (1) The transit cycle time for a monorail is only 54% of that for the base case. It is better than the hypothetical no traffic condition case, whose cycle time is 70% of that for the base case. In the case of a monorail, cycle time is reduced by 46% compared with that for the base case. (2) Transit speed of a monorail is the highest among all the scenarios (24.6 km/h versus 15.2 km/h for the base case). The transit speed of a monorail is substantially greater than that of the hypothetical no traffic condition, which has a transit speed of 20.8 km/h. (3) A monorail headway of 121 s is close to the scheduled headway of 120 s. Opposite to speeds, the result shows a systematic downward pattern in average headway due to the addition of transit priority, left turn banning, exclusive dedication of King Street to transit, and the monorail. Headway of the monorail is lowest among all scenarios. (4) Headway standard deviation of the monorail is the lowest among all scenarios. The standard deviation for a monorail is 86 and that for base case is 135. (5) Transit service frequency of a monorail is highest among all scenarios. The service frequency of a monorail is 29.8 and that of the base case is 26.6. (6) The trend in person-throughput improvements is similar to that of average service frequency. In fact, it is exactly the same, only converted to passengers per hour via multiplying by a constant of 75 passengers per vehicle during the peak period. (7) A reduction in fleet size of almost 40.40% is achievable by the monorail relative to the base case. Note: Columns 1, 2, 3, and 4 represent possible changes in the values of the analysis parameters (above or below the values used in the analysis, which are indicated in the middle column). The change in net benefit for each change in these values is presented in the row just below each parameter. Table 7 . Sensitivity analyses for key assumptions.
